Structural phase transformation from multiwalled carbon nanotubes to nanocrystalline diamond by hydrogen plasma post-treatment was carried out. Ultrahigh equivalent diamond nucleation density above 10 11 nuclei/cm 2 was easily obtained. The diamond formation and growth mechanism was proposed to be the consequence of the formation of sp 3 bonded amorphous carbon clusters. The hydrogen chemisorption on curved graphite network and the energy deposited on the carbon nanotubes by continuous impingement of activated molecular or atomic hydrogen are responsible for the formation of amorphous carbon matrix. Diamond nucleates and grows in the way similar to that of diamond chemical vapor deposition processes on amorphous carbon films.
The transformation of graphite to diamond has been one of the most challenging problems of material science for many decades. Generally, high pressures and high temperatures are needed to induce this transformation, and catalysts are used to increase the yield of diamond. Research has revealed that carbon nanotubes ͑CNTs͒ could also transform to diamond under different processing conditions-laser induced transformation, 1 chemical vapor deposition by nanotube coating, 2 shock wave, 3 and direct transformation under high pressures and high temperatures ͑HPHT͒. 4 -6 The mechanism of transformation from carbon nanotubes to diamond was proposed to be nanotubes-carbon onions-diamond. 7 The last step had been identified to be critical in the nucleation and growth of diamond crystals in the centers of spherical carbon onions under intense electron irradiation at high temperatures. 8 However, due to tremendous difficulty of locating and identifying the nucleation sites and complex reactive systems, the transformation mechanism is one of the less understood elements of the field.
In this letter, we provided a simple way for the transformation of CNTs to nanocrystalline diamond. Hydrogen plasma induced structural transformation from CNTs to nanodiamond was investigated. Structural transformation of amorphous carbon nanorods formed by carbon ion beam irradiation of CNTs was used as comparison with that of CNTs. The comparison definitely proved the formation mechanism of nanocrystalline diamond.
The ultrasonically purified CNTs were dispersed onto silicon substrates. A group of samples were irradiated with carbon ion beam with energy of 40 keV and at a dose of 5 ϫ10 16 ions/cm 2 . Both pure CNTs and irradiated CNTs were placed into the PECVD reaction chamber. After the samples were heated to a temperature of about 1000 K, hydrogen was introduced into the chamber at a flow rate of 50 sccm and the chamber pressure was kept at 150 Pa and a plasma with a power density of 0.5 W/cm 2 was initiated simultaneously. After reaction for several hours, the specimens were cooled down in vacuum. Scanning electron microscope ͑SEM͒, high-resolution transmission electron microscope ͑HRTEM͒, Raman spectroscopy, and x-ray diffraction were used to examine the formation of diamond.
HRTEM shows that the CNTs ͑about 20-40 nm in diameter͒ are well graphitized and typically consist of 20-30 concentric shells of carbon sheets. However, there are defective sites on both the outer and inner graphite sheets of CNTs. After carbon ion beam irradiation, most of these nanotubes evolved into amorphous carbon nanorods. Figure 1 shows the typical HRTEM image of a carbon nanorod. The amorphous nanorods have uniform diameters and smooth surface along their longitudinal direction. Both the ordered crystalline graphite sheets and the hollow structures of carbon nanotubes completely disappeared. On the other hand, we did not find any onion-like structures on the nanorods under TEM investigation. MeV Ne ϩ ion beam irradiation was used by Wesolowski et al. 9 to investigate the diamond a͒ Author to whom correspondence should be addressed; electronic mail: gjl@sinr.ac.cn
FIG. 1. HRTEM image of carbon implanted
MWCNTs shows the formation of amorphous carbon nanorods.
APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 15 12 APRIL 2004 nucleation and growth via carbon onion self-compression mechanism in the carbon nanostructures. The carbon onion formation might critically relate to ion type, ion energy, and sample temperature. However, ion irradiation can produce an amorphous matrix in which the fraction of sp 3 bonded carbon is enhanced due to the damage of sp 2 network on the CNTs. The sp 3 bonded network can provide the nucleation sites in the process of hydrogen plasma treatment. Figure 2͑a͒ shows the TEM image of a carbon nanotube specimen after treatment in hydrogen plasma at temperature of 1000 K for 10 h. Instead of ordered concentric graphite sheets of multiwalled carbon nanotubes ͑MWCNTs͒, many nanoparticles were formed on the original carbon nanotube walls after H 2 plasma treatment. The ring pattern in the inset of Fig. 2͑a͒ from electron diffraction illustrates that the diamond grains have a random orientation. HRTEM image ͓Fig. 2͑b͔͒ shows that each nano-particle consists of a nanocrystalline diamond particle with diameter ranging from 5 to 30 nm embedded in an amorphous matrix, the structure which is typical in the diamond chemical vapor deposition using amorphous carbon as substrate 10 and in the low energy ion beam nucleation process. 11, 12 If the CNTs form a closely aligned network on a substrate, we can simply estimate that a nucleation density above 10 11 nuclei/cm 2 is achievable. Besides, the nanotube hollow structure is reserved to some extent after plasma treatment, indicated by two rows of nanoparticle array formed along the carbon nanotube precursor. This is different from that of HPHT transformed structure where the onion mediated process produces only one row of nanoparticles. 7 Considering the nucleation of diamond, we investigated the initial stage of hydrogen plasma treatment. It is shown that amorphous carbon clusters with nearly spherical shape were formed at this stage. The area density of these clusters is much lower than that in samples with prolonged treatment. The defects on CNT walls are expected to be the origin of these clusters. With the increase in treatment time, diamond crystallites can be seen by TEM and the density of carbon clusters increases rapidly. Based on these observations, we expect a process for the nucleation and growth of diamond from CNTs by hydrogen plasma treatment. In the first step, sp 2 bonded carbon atoms are converted into relatively stable network of sp 3 bonded carbon under plasma treatment condition. This step is critical for the nucleation of diamond. Ruffienx et al. 13 concluded that curved graphitic network makes the hydrogen chemisorption easier than planar graphite layer, so a rehybridization from sp 2 to sp 3 of the carbon network can be energetically more favorable with fullerenes and CNTs than plannar graphite. The continuous hydrogenation of the carbon nanotube sp 2 network induces the clustering of sp 3 bonded carbon atoms. At the same time, etching of unstable sp 2 phase which is ten times faster than etching of stable sp 3 phase promotes and stabilizes the sp 3 phase. In the second step, a transition of the bonding state in the carbon network occurs from a disordered domain with sp 3 bonded carbon to crystalline diamond. Crystallization in the carbon clusters also includes physical and chemical reactions, such as the formation and migration of hydrocarbon in the vicinity of surface, hydrogen abstraction, dehydrogenation of absorbed complexes, recombination of hydrogen atoms, etc. The crystallized regions then act as nuclei for the subsequent growth of diamond. The stability of nanocrystalline diamond in a highly tetrahedrally bonded amorphous network is more favorable to the diamond nucleation than other carbon nanostructures.
14 The high substrate temperature should also be an important factor in the formation of diamond particles. Theoretical modeling and computation showed 15 that the critical size of diamond decreases with increasing substrate temperature, thus a high substrate temperature has been shown to favor diamond formation. The experimental results and theoretical analysis on the transformation of graphite to diamond under intense electron beam irradiation 16 also showed that a high sample temperature is needed to perform the transformation, otherwise, amorphous carbon nanorods would form. 17 Several groups have reported the hydrogen plasma post-treatment on CNTs, only defective structures 18 or nanoparticles with multi-shell cavity-onionlike structures 19, 20 were observed. We have also treated the CNTs in the H 2 atmosphere as well as annealed in vacuum. Any changes on CNTs were not observed. This indicates that hydrogen plasma plays an important role in the transformation from CNTs to nanocrystalline diamond. The last step is the diamond growing stage. Once the diamond nucleus is present in a sp 3 bonded environment, the growth of diamond may take place through thermally activated processes at the interface. Here again, hydrogen plasma etching prevents the graphite formation in the thermally activated processes 16 and mediates the carbon atom displacement from amorphous phase to ordered diamond phase as described in the hydrogen induced crystallization processes in hydrogenated amorphous silicon. 21, 22 Compared with the diamond formation mechanism under electron beam irradiation, 16 the most obvious difference is the sp 3 bonded carbon matrix formation in our experiment. However, the difference causes two completely different ways of diamond growth-by ballistic exchange of atoms at phase interface with reversed phase stability and by hydrogen bonding assisted thermally activated processes.
In order to prove the proposed mechanism of diamond formation under hydrogen plasma irradiation, we used the amorphous carbon nanorods produced by carbon ion irradiation of MWCNTs to carry out the same investigation. Figure  3͑a͒ shows a low magnification TEM image of specimen after hydrogen plasma treatment. The dark contrast particles contain the diamond nanocrystalline particles. The former continuous nanorods were completely broken by the plasma treatment. The diamond nanocrystallites are uniformly distributed along the longitudinal direction of the former amorphous carbon nanorods ͓Fig. 3͑b͔͒. The lateral size of the diamond particles is limited by the nanorod diameter. The inset of Fig. 3͑b͒ is the select area diffraction pattern of a diamond nanoparticle along ͓100͔ zone axis. The results are in good agreement with the proposed mechanism of diamond formation in an amorphous carbon network.
In summary, we have performed structural phase transformation from MWCNTs to nanocrystalline diamond by hydrogen plasma post-treatment. Ultrahigh equivalent diamond nucleation density above 10 11 nuclei/cm 2 was easily obtained. The diamond formation and growth mechanism were proposed to be closely related to the formation of sp 3 bonded amorphous carbon clusters. The hydrogen chemisorption on curved graphite network and the energy deposited on CNTs by continuous impingement of activated molecular and atomic or ionic hydrogen are responsible for the formation of amorphous carbon matrix. The diamond growth mechanism is completely different from that of nonequilibrium systems under intense electron beam irradiation. The present method has great potentials for the preparation of high-quality diamond films in a more controllable way.
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